ABSTRACT We demonstrate that the local near-field vector and polarization state on planar antenna structures and in nanoscale antenna gaps can be determined by scattering-type near-field optical microscopy (s-SNOM). The near-field vector is reconstructed from the amplitude and phase images of the in-and out-of-plane near-field components obtained by polarization-resolved interferometric detection. Experiments with a mid-infrared inverse bowtie antenna yield a vectorial near-field distribution with unprecedented resolution of about 10 nm and in excellent agreement with numerical simulations. Furthermore, we provide first direct experimental evidence that the nanoscale confined and strongly enhanced fields at the antenna gap are linearly polarized. s-SNOM vector-field mapping paves the way to a full near-field characterization of nanophotonic structures in the broad spectral range between visible and terahertz frequencies, which is essential for future development and quality control of metamaterials, optical sensors, and waveguides.
P lasmonic nanostructures and metamaterials enable the engineering of optical fields on the nanometer scale, which is the basis for the development of ultrasensitive molecular spectroscopy, high-resolution microscopy, and nanoscale optical circuits at frequencies ranging from the visible to the microwave spectral regime. [1] [2] [3] [4] A direct experimental access to the optical near-field distribution is critical for testing the design performance, exploring design alternatives, and verifying novel theoretical concepts. Because of their three-dimensional, complex-valued polarization state (vector field), however, nanoscale confined optical near fields are highly complex and thus are challenging experimental imaging techniques. 5, 6 Generally, the local near field at a sample surface is described by a three-dimensional vector E ) (E x , E y , E z ), where each near-field component E j is characterized by both a field amplitude |E j | and a phase j . 6, 7 While strong field amplitudes at specific sample locations open new avenues for example in vibrational spectroscopy of single molecules, [8] [9] [10] it is the phase distribution that is essential for nanoscale coherent control applications. [11] [12] [13] The phase difference δ ij ) j -i between individual components is thereby a fundamental quantity as it determines the polarization state of the vector near field. 6 For example, a phase difference of δ ij ) 0°or 180°(for all i,j) defines linearly polarized local fields, while δ ij ) (90°and |E i | ) |E j | yields circularly polarized near fields. Engineering of the individual phases thus can be applied to control 14 the near field polarization state for novel nanophotonic applications in, e.g., quantum optics 15 or solid state physics. 16, 17 To this end, it is of utmost importance to develop tools that allow for ultrahigh resolution mapping of individual near-field components in both amplitude and phase.
A variety of methods such as interferometric scanning near-field optical microscopy (SNOM), [18] [19] [20] [21] [22] [23] [24] scattering-type SNOM (s-SNOM), 18, 20, 22, [24] [25] [26] [27] [28] [29] [30] two-photon induced luminescence (TPL) microscopy, 13, 31, 32 electron energy loss spectroscopy (EELS), 33 and photoemission electron microscopy (PEEM) 11 enable the mapping of near-field distributions and thus have provided valuable insights into plasmonic antenna and waveguide structures. Each of these methods relies on an individual physical approach to probe the near fields, however, each of them is confronted with specific limitations. For example, TPL microscopy is based on an incoherent measurement principle and thus does not provide phase information. With aperture SNOM typically the transverse electric near-field components (parallel to the sample surface) are probed while scattering-type SNOM is considered to be mostly sensitive to the vertical near-field component (perpendicular to the sample surface). Indeed, several phaseand polarization-sensitive s-SNOM studies 18, 20, 22 report amplitude and phase images of only the out-of-plane near-field component. A recent study, 24 however, shows that ampli-tude and phase of both components can be measured with elongated tips, but the vector field was not reconstructed because of the unknown scattering characteristic of the tip. Vector field microscopy based on polarization-resolved intensity detection of light scattered from metal particle and aperture tips has been reported recently. 5 Because of noninterferometric detection, however, essential phase information is lost with such a technique, and thus the polarizationstatecouldnotbefullycharacterized.Herewedemonstrate nanoscale resolved imaging of near-field vector components with the use of interferometric transmission-mode scattering-type near-field optical microscopy (s-SNOM) employing a dielectric tip as scattering probe. 27 By analyzing the tipscattered light with a linear polarizer, we map the amplitude and phase of the in-plane (transverse) and out-of-plane (vertical) component of nanoscale confined fields at the gap of an infrared antenna. After characterizing the scattering tensor of the tip, we succeed to reconstruct for the first time the local polarization state of antenna near fields. Our results provide direct experimental evidence that the gap fields are linearly polarized.
We map the near fields of an inverse bowtie antenna (bowtie aperture), 34, 35 which was designed to exhibit a dipolar resonance in the mid-infrared region at a wavelength of about 9 µm (Figure 1a) . The topography of the antenna is depicted in Figure 1b , showing the two triangular holes that were milled by focused ion beam (FIB) into a 40 nm thick Au film evaporated on a Si substrate. The gap of the inverse bowtie antenna has a width of approximately 80 nm.
Distortion-free imaging of the antenna near fields (Figure 1a ) was performed with our transmission-mode s-SNOM, 20, 27 employing the sharp dielectric tip of conventional silicon cantilevers (Nanosensors, PPP-RT-NCHR). The antenna is illuminated from below at a wavelength of λ ) 9.3 µm. Note that in contrast to normal bowtie antennas, the polarization of the incident field has to be chosen perpendicular to the long axis for resonant excitation (Babinet's principle 7, 36 ), i.e., parallel to the x-axis (see schematics in Figure 1a ). While scanning the antenna, the Si tip scatters the local near fields and the tip-scattered light is collected in the y-direction at an angle of 30°relative to the sample surface. After passing the polarizer P (www.lasnix.com, model LP01), the tip-scattered light is detected with an interferometer. The polarization of the reference arm of the interferometer is fixed to +45°in all experiments. Suppression of background light is achieved by vertical tip oscillation (about 100 nm amplitude) at the cantilever's mechanical resonance frequency Ω ) 300 kHz and demodulation of the detector signal at higher harmonics nΩ. A pseudoheterodyne interferometric detection technique 37 (www.neaspec.com) yields the near-field optical amplitude |E| and phase simultaneously. 20, 27 In Figure 1d we demonstrate that polarization-and phaseresolved s-SNOM enables the mapping of amplitude and phase distribution of individual near-field components. We show the experimental near-field images of the inverse bowtie antenna obtained for a vertical and horizontal orientation of the polarizer, corresponding to the detection of the p-and s-polarized tip-scattered light, respectively. Detecting the p-component, we observe high-amplitude signals |E p | on top of the metal film near the rim and particularly at the two edges forming the gap. Inside the gap no amplitude signal is observed but instead a phase jump of exactly 180°( as already observed with IR gap antennas 20 ) . By rotating the polarizer to a horizontal orientation, we select the s-component of the tip-scattered light. We can immediately see that the amplitude image |E s | exhibits a completely Figure 1c shows the amplitude and phase of the near field components E z and E x calculated at a height of 30 nm. The experimental images (|E p |, p ) and (|E s |, s ) are in excellent agreement with the z-and x-components of the calculated near-field distribution, respectively. We conclude that by selecting the p-polarized scattered field (vertical polarizer setting), the signal amplitude |E p | yields the out-of-plane field |E z |. The signal phase p yields z . Analogously, we map |E x | and x by a horizontal polarizer setting (s-polarized). Remarkably, the spot size observed in the s-polarized image is about 50 nm (FWHM), providing direct experimental evidence that gap antennas generate in-plane fields of extreme subwavelength scale confinement (λ/200).
For further insights into the nature of the gap fields, we imaged the gap region at higher spatial resolution and with different polarizer angles . The topography image of the gap region is shown in Figure 2a . The high-resolution near-field images in Figure 2c taken at the polarizer angles of ) 90°a nd 0°(corresponding to the detection of p-and s-polarizer light, respectively) clearly reproduce our results from Figure 1 . Rotating the polarizer clockwise from 90°toward 0°, interestingly, we observe asymmetric near-field patterns. While the amplitude signals at the right side of the gap become increasing extinguished, the localized spot on the left rim of the gap continuously moves toward the gap center. This observation can be understood with a sketch of our experimental configuration (Figure 2b) , showing a cross section of the gap with electric field lines and the polarization-resolved near-field detection scheme. Clearly, the amplitude images taken at arbitrary polarizer angles highlight the antenna regions where the near fields point in the direction of . We note that the experimental images show a much stronger field confinement at the gap center which can be explained by the fact that the tip follows the surface topography.
Our results unambiguously show the capability of s-SNOM with standard Si tips to map the vectorial nature of nanoscale antenna fields. From our experimental results in Figure 1 we can conclude that the transfer of the antenna near field E into the s-SNOM signal (E s , E p ) can be described in Cartesian coordinates by a diagonal tensor σ
The tensor σ essentially describes the scattering characteristics of the probing tip. E s and E p are the complexvalued signals that are measured when selecting the s-and p-polarized components of the tip-scattered light with the use of the polarizer P. E x,z are the local antenna near fields in x and in z directions expressed by their amplitudes |E x,z | and phases x,z . We note that generally the tensor σ connects the three-dimensional near-field vector (E x , E y , E z ) with the two-dimensional far-field vector (E s , E p ). Due to the symmetry of the bowtie antenna, however, we can neglect the y component of the electric field. Numerical calculations confirm that E y , E x,z . We test eq 1 by a numerical simulation of the experimental image series shown in Figure 2d . We calculate the recorded nearfield amplitude and phase images, E det and det , according to where |E x |, |E z |, x , and z are the calculated near field amplitude and phase of the x and z components shown in Figure 1c . We find a good agreement between experiment and calculations when taking 2σ s ) σ p . The result of this calculation is shown in Figure 2d . We explain the anisotropy of tensor σ by the elongated shape of the Si tip. Note that the tensor components σ s and σ p are found to be real-valued numbers. Thus, no phase shift is introduced by the tensor σ when the near-field components are transferred to the far-field signals E s and E p . We explain the real-valued tensor components by the dielectric (nonresonant) material properties of the Si tip.
In the following we demonstrate that knowledge of the tensor σ allows for reconstruction of the vectorial near-field distribution and the polarization state of the gap fields. In Figure  3b we plot amplitude and phase of the x-and z-component of the gap fields across the gap center according to with 2σ s ) σ p . The experimental values for (E s , s ) and (E p , p ) have been extracted from line scans across the antenna gap (along the dashed line in Figure 2a) for the polarizer angles ) 0°and ) +90°. It is important to note that the reference phase in this experiment is constant for both polarizer settings, thus yielding the phase difference between the individual polarizations. We also note that in this experiment the measured signals are not referenced to the incident field. Thus, we measure the ratio between the field components rather than the field enhancement compared to the incident field. For comparison, we show in Figure 3c the numerically calculated near-field components (normalized to |E x (0)|) along the dashed line in Figure 3a , thus taking into account that the tip follows the surface topography. In both experiment and calculations we observe strong in-plane field amplitudes inside the gap (x ) 0) which exceed the maximum out-of-plane fields by a factor of about 2.5. Remarkably, also the double-peak structure of the x component inside the gap can be visualized with a resolution of about 10 nm. It reveals that the infrared fields are not localized in the center of the gap but rather at the two metal edges, as also predicted by the numerical calculations in Fig.  3a . The phase measurement (right-hand side of Figure 3b ) reveals a phase difference between the x and z components amounting to δ xz ) z -x ≈ 180°for x > 0 and δ xz ≈ 0°for x < 0.
The polarization state of an optical field can generally be visualized by a parametric plot of the electric field vector E b (t)
as a function of time t where ω is the angular light frequency. 7 In Figure 3d we display the polarization state of the antenna gap fields at the positions x ) -30, 0, and +30 nm using the experimental and numerically calculated near-field amplitude and phase values taken from Figure 3b ,c. The experimental plots (green curves) yield strongly elliptical (nearly linear) trajectories, providing direct evidence of linearly polarized near fields. 
This finding is confirmed by plots of the numerically calculated electric field vector (black lines), which show a perfect linear polarization state of the gap fields. We note that the slight discrepancy between experiment and calculation is due to experimental uncertainties in the phase measurement. Furthermore, we can measure the local field direction. While inside the gap (x ) 0 nm) the fields are horizontally oriented, we find a field orientation of about (30°at positions x ) (30 nm relative to the sample surface.
We note that all three components of antenna vector fields could be measured by a rotation of the sample and of the polarization of the incident light. Because of the transmission-mode setup, the antenna illumination and thus the near-field distribution are unaffected by such rotation. This is an essential advantage compared to s-SNOM with side illumination 18, 22, 23 where the antenna illumination is dependent on the sample orientation. However, in the case of structures with two non-negligible in-plane components, a mixture of in-and out-of-plane components will be measured with the present experimental setup (detection of the tip-scattered light at an angle of 30°relative to the sample surface). Thus a more sophisticated image analysis or a modification of the present setup is required, allowing for the separation of the individual near-field components. For example, mixing of the components could be avoided by detection of the tip-scattered light at small angles relative to the sample surface.
In conclusion, we succeeded to map the in-and out-of-plane components of the vector field of an IR antenna by employing standard dielectric atomic force microscopy tips as scatteringtype near-field probes. In contrast to nanoparticle tips 5 swith typical diameters of about 100 nmswe are able to access and probe the fields inside narrow antenna gaps with nanometer resolution. Because generally the phase can vary considerably across nanoantennas, 20 the separated acquisition of near-field amplitude and phase is a requirement for a full and reliable characterization of the polarization state of local near fields. Phase-resolved vector-field mapping thus paves the way to a complete characterization of nanophotonic structures, analogous to a vector analyzer at radio frequencies, which will play an important role for future engineering of metamaterials, optical sensors and waveguides operating at visible, infrared, and terahertz frequencies.
